Sustained cell proliferation requires telomerase to maintain functional telomeres that are essential for chromosome integrity and protection. Although nuclear import of telomerase transcriptase (hTERT) is required for telomerase activity to elongate telomeres in vivo, the molecular mechanism regulating nuclear localization of hTERT is unclear. We have identified a bipartite nuclear localization signal (NLS; amino acid residues 222-240) that is responsible for nuclear import of hTERT. Immunofluorescence imaging of hTERT revealed that mutations in any of the bipartite NLS sequences result in decreased nuclear fluorescence intensity compared with wild-type hTERT. We also show that Akt-mediated phosphorylation at serine 227 is necessary for directing nuclear translocation of hTERT. Interestingly, serine 227 is located between two clusters of basic amino acids in the bipartite NLS. Inactivation of Akt activity by a dominant-negative mutant or wortmannin treatment attenuated nuclear localization of hTERT. We further show that both bipartite NLS and serine 227 in hTERT are required for cell immortalization of normal human foreskin fibroblast cells. Taken together, our findings reveal a previously unknown regulatory mechanism for nuclear import of hTERT through a bipartite NLS mediated by Akt phosphorylation, which represents an alternative pathway for modulating telomerase activity in cancer.
Introduction
Telomeres, the specialized nucleoprotein complexes at the ends of linear eukaryotic chromosomes, are essential for chromosome integrity and protection (Blackburn, 2001) . In most organisms, telomere DNA consists of long tracts of duplex telomere repeats (TTAGGG in vertebrates) with 39 single-stranded G overhangs and is tightly associated with the six-protein complex, shelterin, which protects chromosome termini from being recognized as sites for DNA damage (Palm and de Lange, 2008; Liu et al., 2004) . In the absence of a telomere maintenance pathway, most eukaryotic cells progressively lose telomeric DNA with each cell division because of the end replication problem (Lingner et al., 1995) . If telomere shortening is not balanced by elongation, it leads to cell death, cell senescence or abnormal cell proliferation. Therefore, eukaryotic cells with extended replicative lifespan should have a mechanism to counteract the loss of telomeric DNA (Stewart and Weinberg, 2006) . The maintenance of telomeric repeats in most eukaryotic organisms requires telomerase, which consists of a telomerase reverse transcriptase (TERT) and a telomerase RNA component (TERC) (Autexier and Lue, 2006) . Telomerase activity is expressed in a majority of human tumors but repressed in most normal somatic cells, suggesting that the activation of telomerase is a crucial step in human oncogenesis (Kim et al., 1994) .
Telomerase activity correlates with telomerase transcriptase (hTERT) expression, implicating the catalytic subunit as the ratelimiting component of the telomerase holoenzyme. Whereas the enzymatic activity of telomerase is controlled by the transcriptional regulation of hTERT, substantial evidence suggests that posttranslational modifications of hTERT play a role in modulating telomerase activity (Autexier and Lue, 2006; Cong et al., 2002) . Several kinases have been reported to act on hTERT. Upregulation of telomerase activity is associated with phosphorylation of hTERT by protein kinase C (PKC) (Li et al., 1998) . Akt kinase is able to phosphorylate hTERT and activate telomerase activity (Kang et al., 1999) . Two putative Akt phosphorylation sites within hTERT (serine residues at 227 and 824) have been identified. As Akt is a key effector of the phosphatidylinositide 3-kinase (PI3K) signaling pathway (Vivanco and Sawyers, 2002) , these findings might provide new insights into the molecular mechanisms by which the PI3K pathway promotes cell proliferation and survival. By contrast, telomerase activity is inhibited by c-Abl-kinase-mediated phosphorylation of hTERT (Kharbanda et al., 2000) . In the case of ubiquitylation, MKRN1 is the first factor identified as an E3 ubiquitin ligase for hTERT in mammalian cells . Overexpression of MKRN1 promotes ubiquitylation of hTERT and subsequently causes a decrease in telomerase activity as well as in telomere length. Recently, two other factors, CHIP and Hdm2 have been shown to function as ubiquitin ligases for hTERT and negatively regulate telomerase activity Oh et al., 2010) .
As the nuclear localization of hTERT is required for telomerase activity to elongate telomeres in vivo, newly synthesized hTERT should be maintained in a conformation that is competent for nuclear import. Because the size of hTERT precludes a passive nuclear transport mechanism, it could undergo active nucleocytoplasmic shuttling to set cellular telomerase activity. Several proteins that regulate the nuclear localization of hTERT have been identified. Although the molecular chaperone complex Hsp90-p23 is required for proper folding of nascent hTERT as well as efficient telomerase assembly (Holt et al., 1999; Forsythe et al., 2001 ), Akt-mediated phosphorylation is essential for nuclear translocation of hTERT (Kimura et al., 2004; Kawagoe et al., 2003) . Both Hsp90 and Akt physically interact with hTERT, and their associations are necessary for nuclear translocation of hTERT and telomerase activity (Kawauchi et al., 2005) . Subcellular localization of hTERT is also regulated through its interaction with NF-kB (Akiyama et al., 2003) . Tumor necrosis factor a (TNFa) modulates telomerase activity by inducing the nuclear translocation of hTERT bound to NF-kB p65 (Akiyama et al., 2004) . The 14-3-3 signaling protein interacts with hTERT and enhances nuclear localization of hTERT by inhibiting CRM binding to the nuclear export signal (NES)-like motif (Seimiya et al., 2000) . Although the nuclear localization of hTERT is an important step in regulating telomerase activity, the molecular mechanism regulating it remains unclear.
In this study, we have identified a bipartite nuclear localization signal (NLS) that is responsible for nuclear import of hTERT. We also describe that Akt-mediated phosphorylation at serine 227 is required to direct nuclear translocation of hTERT. Furthermore, we show that mutations in the bipartite NLS region interfere with the cellular immortalization of normal human foreskin fibroblast (HFF) cells. Overall, our data demonstrate that both bipartite NLS and Akt-mediated phosphorylation at serine 227 are previously unknown pathways for ensuring proper cellular telomerase activity by facilitating nuclear import of hTERT.
Results
Identification of the functional domain essential for nuclear localization of hTERT
To identify the functional domain responsible for nuclear localization of hTERT, we generated a series of deletion mutants of hTERT (Fig. 1A) and determined their subcellular localization. H1299 cells were transfected with FLAG-tagged hTERT or various deletion mutants and subjected to immunofluorescence staining with anti-FLAG antibody. Representative fluorescence images of the hTERT derivatives are shown in Fig. 1B . The deletion mutants lacking the Nterminal 100 or 200 amino acids (101-1132 or 201-1132) showed a pronounced nuclear localization of hTERT similar to the finding with wild-type hTERT, whereas deletions of the N-terminal 300 amino acids (301-1132, 401-1132, 543-1132) resulted in a cytoplasmic distribution. Furthermore, the Cterminal deletion mutants containing residues 201-300 (1-542, 1-400 and 1-300) were exclusively localized to the nucleus. The The wild-type and various mutant constructs of hTERT were expressed as FLAG-tagged proteins in H1299 cells. Cells were subjected to immunofluorescence staining with anti-FLAG antibody (red), followed by fluorescence microscopy. The nuclei were stained with DAPI (blue). (C) Lysates obtained from H1299 cells transfected with the various mutant constructs were analyzed by immunoblotting with anti-FLAG antibody.
C-terminal deletion mutant lacking this region (1-200) was evenly distributed between nucleus and cytoplasm possibly due to a passive diffusion. These results demonstrate that the amino acid residues from 201 to 300 are essential for nuclear localization of hTERT and could contain a NLS. Western blot analysis revealed that the hTERT mutant proteins were correctly expressed (Fig. 1C) .
We next examined whether the requirement of the amino acid residues 201-300 for nuclear localization of hTERT could be confirmed to be quantitatively significant. For quantification experiments, more than 100 cells per transfection were scored according to whether hTERT was higher in the nucleus (N), evenly distributed between nucleus and cytoplasm (N+C) or higher in the cytoplasm (C). Whereas wild-type hTERT and the 201-1132 mutant showed predominant localization in the nucleus (74.1% and 77.2% nuclear, respectively), the majority of the 301-1132 mutant signal was detected in the cytoplasm (66.7% cytoplasmic, 20.4% pan-cellular; Fig. 2A,B) . However, the 1-300 mutant exclusively localized to the nucleus (100% nuclear).
A similar behavior of hTERT was observed in HT1080 and MCF7 cells (supplementary material Fig. S1 ).
Nuclear localization of hTERT has been shown to be regulated by an NES, which is recognized by a specific export receptor. The 14-3-3 signaling protein was reported to enhance nuclear localization of hTERT by inhibiting the CRM1 (also known as exportin-1) binding to the hTERT NES motif (Seimiya et al., 2000) . To investigate the effect of the NES on nuclear localization of hTERT, H1299 cells transfected with various deletion mutants were treated with leptomycin B (LMB), an inhibitor of the nuclear export by CRM1. When the subcellular localization was scored quantitatively, the nuclear fluorescence signal of wild-type hTERT and the 201-1132 mutant was slightly increased by the presence of LMB (Fig. 2B) . However, most of the 301-1132 mutant signal was found in the cytoplasm even in the presence of LMB. Because the 301-1132 mutant contains a NES at the C-terminus, these results suggest that the observed cytoplasmic signals could be due to failure of nuclear import but not due to enhancement of nuclear export. The 1-300 mutant, which does not contain a NES, was exclusively detected in the nucleus irrespective of LMB treatment ( Fig. 2A,B) .
To further confirm the requirement of the residues 201-300, we generated mutant constructs lacking the internal amino acid residues 101-200 and 201-300 (Fig. 2C) . We also generated a mutant construct deleted in the basic amino acid cluster (amino acids 193-199) , which is predicted as a putative NLS by the Nuclear Protein Database (http://npd.hgu.mrc.ac.uk). The proper expression of each deletion mutant was examined by immunoblot analysis using anti-FLAG antibody (Fig. 2D) . Nuclear localization of hTERT was not prevented by deletion of residues 101-200 (Fig. 2E,F) . However, deletion of residues 201-300 substantially impaired nuclear localization of hTERT even in the presence of LMB. A mutant lacking the basic amino acid cluster (Del193-199) was predominantly localized in the nucleus. Therefore, amino acid residues 193-199 are not required for nuclear import of hTERT. Taken together, these data further support that residues 201-300 are essential for nuclear import of hTERT.
Identification of a bipartite nuclear localization signal in hTERT A motif scan of the amino acid sequence revealed that hTERT contains a consensus bipartite NLS where two clusters of basic amino acids, residues 222-224 (RRR) and residues 236-240 (KRPRR) are aligned in tandem (Fig. 3A) . Interestingly, this putative NLS appears to be conserved among different species including human, mouse, rat and Xenopus. In hTERT, the amino acid spacer between the two putative NLS motifs is composed of 11 residues, which is consistent with a typical bipartite NLS spacer (Lange et al., 2007; Suntharalingam and Wente, 2003) . To demonstrate that this region functions as a bipartite NLS, we generated several mutant forms of hTERT, in which the basic amino acids in either the first cluster, second cluster or both clusters were mutated to alanines (Fig. 3B) . Whereas wild-type hTERT predominantly localized to the nucleus (72.1% nuclear), the mutations at the first cluster (3A) or second cluster (4A) resulted in reduced nuclear localization of hTERT (11.0% and 3.7% nuclear, respectively; Fig. 3C,D) . When both clusters were mutated (7A), the nuclear signals were further decreased (2.5% nuclear). These results indicate that both of the basic amino acid clusters (between residues 222 and 240) contribute to nuclear import of hTERT and function as a bipartite NLS.
It is well documented that the nucleotide-bound state of the small GTPase Ran plays an important role in nuclear translocation through nuclear pore complexes (NPCs) (Kalab et al., 2002) . A dominant-negative mutant of Ran (RanQ69L) deficient in GTPase activity has been shown to inhibit NLSmediated nuclear protein import (Dickmanns et al., 1996; Palacios et al., 1996) but promote nuclear export of substrates carrying an NES (Richards et al., 1997; Kehlenbach et al., 1998) . Thus, we investigated the effect of RanQ69L on nuclear localization of hTERT in H1299 and HT1080 cells. In the absence of RanQ69L expression, endogenous hTERT accumulated in the nucleus (Fig. 3E) . By contrast, the fluorescence signals of both hTERT and RanQ69L were detected around the perimeter of the nucleus in cells expressing RanQ69L (Fig. 3E) , suggesting the involvement of Ran in the nuclear import of hTERT. An antibody used in these experiments specifically detected endogenous hTERT in H1299 and HT1080 cells but not in telomerase-negative U2OS and Saos-2 cells (Fig. 3F) . In parallel, as a control we verified that the Ran-GTPdependent nuclear import of hnRNP A1 was inhibited by RanQ69L expression (Siomi et al., 1997 ) (supplementary material Fig. S2A ). Because Ran-GTP hydrolysis does not appear to be necessary for nuclear protein export (Kehlenbach et al., 1999) , the pre-existing nuclear hTERT would be exported to the cytoplasm by RanQ69L expression. We also observed that ectopically expressed hTERT was excluded from the nucleus when RanQ69L was co-expressed (supplementary material Fig.  S2B ). Taken together, these results suggest that the identified bipartite NLS sequence functions as a typical NLS that is dependent on the Ran-importin system.
Phosphorylation of serine 227 is required for efficient nuclear translocation of hTERT
Akt kinase has been reported to enhance telomerase activity through phosphorylation and nuclear translocation of hTERT (Kimura et al., 2004; Kawagoe et al., 2003) . hTERT contains two putative Akt phosphorylation sites, serine residues 227 and 824 (Kang et al., 1999) . However, it is not clear which phosphorylation site is involved in nuclear localization of hTERT. Because serine 227 is located between two clusters of basic amino acids in the bipartite NLS sequence, we predicted that phosphorylation at serine 227 might be involved in nuclear localization of hTERT. To test this possibility, we performed site-directed mutagenesis of hTERT, mutating the serine residues at 227 and 824 to alanine (S227A, S824A, S227,824A) (Fig. 4A) . We also generated a phosphorylation-mimicking mutant in which the serine residue at 227 was replaced by glutamate (S227E). H1299 cells were transfected with FLAG-hTERT or various mutant constructs and subjected to immunofluorescence staining. Representative fluorescence images of hTERT are shown in Fig. 4B . Whereas wild-type hTERT and the S824A mutant predominantly localized to the nucleus (74.1% and 76.4% nuclear, respectively), the nuclear fluorescence signals of S227A and S227,824A mutants were considerably decreased (31.2% and 32.5% nuclear, respectively; Fig. 4C ). Interestingly, phosphorylation-mimicking mutant S227E showed an increased ability to translocate into the nucleus (83% nuclear). These results suggest that phosphorylation of serine 227, but not serine 824, is important for nuclear translocation of hTERT. The identical results were observed in telomerase-negative Saos-2 cells (supplementary material Fig. S3 ), demonstrating that the effects of point mutations were not related to the cellular background in which the mutant constructs were expressed. We also note that the fluorescence signals of wild-type and mutant hTERT were slightly increased in the nucleus when the subcellular localization was scored quantitatively in the presence of LMB (Fig. 4C) .
To examine whether Akt kinase directly phosphorylates hTERT, H1299 cells transfected with FLAG-hTERT or various mutants were subjected to immunoprecipitation with anti-FLAG antibody, followed by immunoblotting with anti-phosphorylatedAkt substrate antibody. As shown in Fig. 4D , S227A and S824A proteins were phosphorylated by Akt kinase as efficiently as wildtype hTERT. Although the hTERT proteins were similarly expressed, no phosphorylation was observed in the S227,824A mutant. These results are consistent with the previous report that both serine residues are phosphorylated by Akt kinase (Kang et al., 1999) . To further confirm the phosphorylation of hTERT by Akt kinase, we used wortmannin to inhibit Akt kinase activity. It has been well documented that wortmannin inactivates Akt activity through inhibition of PI3K (Vivanco and Sawyers, 2002) . H1299 cells were treated with wortmannin and subjected to immunoprecipitation. The amounts of phosphorylated hTERT proteins were substantially reduced by the treatment with wortmannin ( Fig. 4D ).
Because phosphorylation of serine 227, but not serine 824, is important for nuclear translocation of hTERT, we wished to determine the effect of point mutations of hTERT on telomerase activity. In these experiments, we chose telomerase-negative Saos-2 cells to exclude the effect of endogenous telomerase activity. Saos-2 cells were transfected with FLAG-hTERT or various mutants, and telomerase activity was measured by the telomeric repeat amplification protocol (TRAP) assay. We observed no difference in the signal intensity between wildtype and point mutant hTERT (Fig. 4E ). Because the mutant proteins were almost equally expressed in Saos-2 cells (Fig. 4F) , these results indicate that alanine substitution for serine residues 227 and 824 has no effect on telomerase activity, at least as determined by the conventional TRAP assay.
Inhibition of Akt activity attenuates nuclear translocation of endogenous hTERT
To further verify the requirement of Akt kinase activity, we determined the effect of dominant-negative Akt (DN-Akt) on subcellular localization of hTERT in H1299 and HT1080 cells. Endogenous hTERT was localized mostly to the nucleus in both cell lines, but nuclear accumulation of endogenous hTERT was considerably reduced by transfection of DN-Akt (Fig. 5A,B) . When H1299 cells were co-transfected with FLAG-hTERT and DN-Akt, nuclear localization of ectopically expressed hTERT was also inhibited (supplementary material Fig. S4A,B) . However, the phosphorylation-mimicking mutant S227E was mostly localized to the nucleus even when DN-Akt was overexpressed. We note that the intensity of hTERT fluorescence seems to be reduced in DNAkt-transfected cells. These findings are consistent with the previous reports that cytoplasmic hTERT is readily degraded through ubiquitylation by E3 ligases, such as MKRN1 and CHIP, which reside in the cytoplasm Lee et al., 2010) . We next examined whether wortmannin attenuates nuclear localization of hTERT. Wortmannin treatment caused endogenous hTERT to accumulate in the cytoplasm (Fig. 5C,D) . We also found that ectopically expressed hTERT was not efficiently translocated into the nucleus in the presence of wortmannin (supplementary material Fig. S4C,D) . These results indicate that nuclear localization of endogenous and ectopically expressed hTERT requires Akt activity.
Both the bipartite NLS motifs and Akt-mediated phosphorylation are necessary for efficient nuclear localization of hTERT
We next examined to what extent the two factors, bipartite NLS and Akt-mediated phosphorylation, contribute to nuclear translocation of hTERT. To address this issue, we constructed three mutants, each including S227A, in which the first cluster (3A), second cluster (4A) or both clusters (7A) of basic amino acids were mutated to alanines (Fig. 6A ). The S227A mutant had a pronounced cytoplasmic localization (49% cytoplasmic, 15.6% pan-cellular). Mutations of the basic amino acid clusters (S227A/ 3A, S227A/4A and S227A/7A) almost completely abolished nuclear localization of hTERT (85.8%, 82.7% and 85.6% cytoplasmic, respectively; Fig. 6B,C) . When the basic amino acids around S227E were substituted with alanines (Fig. 6D) , these hTERT mutants (S227E/3A, S227E/4A and S227E/7A) were predominantly localized to the cytoplasm, whereas a majority of the S227E form was found in the nucleus (Fig. 6E,F) . These results further confirm that both the two intact NLS motifs and phosphorylation of serine 227 are necessary for efficient nuclear import of hTERT.
hTERT has been shown to interact with Akt and Hsp90, and their associations are required for nuclear translocation of hTERT and telomerase activation (Kawauchi et al., 2005) . Thus, we determined whether mutations in S227A/7A affect hTERT association with these proteins. As shown in Fig. 6G , S227A and S227A/7A interact with Akt and Hsp90 as efficiently as the wild-type hTERT, indicating that the inability of the mutant proteins to translocate into the nucleus is not due to impaired interactions with Akt and Hsp90. Mutations of the bipartite NLS and serine 227 interfere with the ability of hTERT to immortalize human foreskin fibroblast cells
Most normal human somatic cells have undetectable levels of telomerase activity. Exogenous expression of hTERT cDNA in normal human fibroblasts was reported to permit senescence bypass, enabling cells to obtain an extended lifespan (Bodnar et al., 1998) . Because both the bipartite NLS and Akt phosphorylation of serine 227 are required for nuclear translocation of hTERT, we investigated the ability of S227A/ 7A to immortalize a primary HFF cell strain. HFF cells were infected at ,40 population doublings (PDs) with the lentivirus particles expressing the empty vector, hTERT or S227A/7A, and stable cell lines were established as mass cultures from separate transductions to monitor PD levels at regular intervals. Whereas parental and empty-vector-expressing cells stopped dividing ,50 days post-transduction, hTERT-expressing cells continued to divide throughout the duration of the experiments (Fig. 7A) . The wild-type and mutant-hTERT-expressing cells divided at the same rate for ,70 days, and then the growth rate of mutant cells started to slow down compared with the wild-type cells. Similar results were obtained in independent infections using each type of lentivirus (supplementary material Fig. S5A ). The hTERT proteins were almost equally expressed in HFF cell lines throughout the duration of the experiments (Fig. 7B) . In addition, no difference in stability was observed between wild-type and mutant hTERT proteins (supplementary material Fig. S5B ).
To examine whether the expression of exogenous hTERT reconstitutes telomerase activity, cytoplasmic and nuclear extracts were separately collected from cells stably expressing the empty vector, hTERT or S227A/7A and subjected to a TRAP assay. Telomerase activity was exclusively detected in the nuclear extracts but not in the cytoplasmic extracts (Fig. 7C) . Whereas the empty-vector-expressing cells did not exhibit telomerase activity, both the wild-type and mutant-hTERTexpressing cells reconstituted telomerase activity (Fig. 7C,D) , indicating that mutations in S227A/7A did not affect telomerase activity in HFF cells. To determine whether telomerase activity changes between early passages after infection and later passages as cells near senescence, we performed the TRAP assay on HFF cells expressing wild-type or mutant hTERT at various PDs (supplementary material Fig. S6 ). Although TRAP activity was slightly decreased at later PDs, it was still detectable in both cell lines. We also found that the majority of the S227A/7A signal was detected in the cytoplasm at both early and late PDs, whereas wild-type hTERT showed predominant localization in the nucleus (Fig. 7E) . Digital images of hTERT fluorescence were quantitatively analyzed by confocal microscopy, and wild-type hTERT was found to be predominantly in the nucleus (81.7% nuclear at PD 5 and 80.1% nuclear at PD 78). By contrast, the majority of S227A/7A signal was detected in the cytoplasm (Fig. 7F ). We note that nuclear localization of S227A/7A was substantially reduced at later passages (10.2% nuclear at PD 70) compared with early passages (19.1% nuclear at PD 5).
We next examined whether the growth arrest of S227A/7A-expressing cells at later PDs was accompanied by cellular senescence. Approximately 91% of empty-vector-expressing cells were stained intensely for senescence-associated bgalactosidase (SA-b-Gal) activity and had a flattened and enlarged morphology at PD 12 after antibiotic selection (Fig. 7G,H) . However, no such changes were found in cells expressing wild-type hTERT throughout the duration of the experiments. Approximately 40% of S227A/7A-expressing cells were SA-b-Gal positive and exhibited a senescent phenotype at PD 70. These results suggest that both the bipartite NLS and serine 227 are necessary for optimal cellular immortalization.
To determine whether mutations in S227A/7A interfere with the ability of telomerase to maintain telomeres in vivo, we performed a terminal restriction fragment (TRF) analysis on HFF cells expressing wild-type or mutant hTERT at various PDs. The average telomere length in empty-vector-expressing cells became shorter as the populations reached senescence (Fig. 7I, lane 2) . However, the average telomere length of hTERT-expressing cells was stably maintained up to PD 78 (lanes 3-5). Expression of S227A/7A maintained stable telomere length for the first ,47 PDs but there was a clear reduction after PD 70 when the populations encountered senescence (lanes 6-8). These results indicate that mutations in S227A/7A render telomerase unable to maintain telomere length in later passage cells. 
Nuclear translocation of hTERT 2691 hTERT expression reduces basal intracellular ROS levels
The above results show that, although S227A/7A was mostly found in the cytoplasm, the S227A/7A-expressing cells did not senesce at the same rate as parental or empty-vector-transfected cells (Fig. 7A) . This observation suggests that a non-telomeric function of cytoplasmic S227A/7A contributes to the delayed senescent phenotype. There is accumulating evidence that hTERT is localized to mitochondria because of the presence of a mitochondrial targeting signal (Santos et al., 2004; Santos et al., 2006) , and that hTERT exerts a protective function against . HFF cells were infected at ,40 PDs with the lentivirus particles to establish stable expression cell lines. Stable cells were replated every 3-4 days to maintain log-phase growth and calculate the growth rate, with the first day after blasticidin selection regarded as day 0. (B) Lysates obtained from HFF cells stably expressing the empty vector, hTERT or S227A/7A were immunoblotted with anti-FLAG antibody. (C) Cytoplasmic and nuclear extracts were separately collected from HFF cells stably expressing the empty vector, hTERT or S227A/7A at ,40 PDs after selection, and analyzed for telomerase activity by the TRAP assay with twofold dilutions. To test RNA-dependent extension, RNase A (0.25 mg/ml) was added to the extracts before the primer extension reaction. ITAS, internal telomerase assay standard. (D) Telomerase products in the nuclear extracts were determined semiquantitatively; values are means and standard deviations from three experiments. (E) HFF cells stably expressing hTERT or S227A/7A at the indicated PDs were subjected to immunofluorescence staining with anti-FLAG (red) antibody. Digital images of hTERT fluorescence were captured using a confocal microscope. (F) The fluorescence intensities of cytoplasmic and nuclear hTERT were calculated using MetaMorph software and averaged over the ten images as in E. (G) HFF cells stably expressing the empty vector, hTERT or S227A/7A at the indicated PDs were photographed after staining for SA-b-Gal activity. (H) Percentages of cells that were positive for SA-b-Gal activity in three HFF cell lines. Statistical analyses were performed using a two-tailed Student's t-test (*P,0.001). (I) Genomic blot of telomere restriction fragments in stable HFF clones expressing the empty vector, hTERT or S227A/7A. Genomic DNA was isolated at the indicated PDs, digested with RsaI and HinfI, and analyzed by Southern blotting using a telomere repeat probe. oxidative stress (Indran et al., 2011; Ahmed et al., 2008; Haendeler et al., 2009) . To examine the impact of hTERT expression on reactive oxygen species (ROS) production, we first determined whether S227A/7A localizes at the mitochondria. Strong S227A/7A signals were found associated with mitochondria, as indicated by immunofluorescence staining with anti-Tom20 antibody (Fig. 8A) . S227A/7A was also found in cytoplasmic foci that did not correspond with mitochondria although the nature of these localization sites was not determined. Next, HFF cells stably expressing hTERT and S227A/7A at ,70 PDs were analyzed for basal intracellular ROS levels by examining intracellular peroxide and mitochondrial superoxide levels using 29,79-dichlorodihydrofluorescein diacetate (DCFH-DA) and MitoSOX RED, respectively. Intracellular ROS levels were lower in cells expressing hTERT and S227A/7A compared with cells expressing the control vector (Fig. 8B,C) . However, the levels were similar in wild-type and mutant-hTERT-expressing cells. These findings were further supported by fluorescence detection using confocal microscopy. Both the DCF and MitoSOX RED signals were lower in cells expressing hTERT and S227A/7A (Fig. 8D,E) . Identical results were obtained in cells expressing hTERT and S227A/7A at earlier passages (,40 PDs; supplementary material Fig. S7 ). Given that oxidative stress increases the basal rate of telomere shortening by induction of telomeric DNA damage (Petersen et al., 1998) , cytoplasmic S227A/7A might contribute, at least in part, to telomere length maintenance by reducing the basal level of oxidative stress (see below for further discussion).
Discussion
To ensure proper cellular function of telomerase, hTERT should be correctly assembled with the associated proteins and Fig. 8 . hTERT expression alleviates basal intracellular ROS levels. (A) HFF cells stably expressing hTERT or S227A/7A at ,40 PDs after selection were analyzed by indirect immunofluorescence with anti-FLAG (green) and anti-Tom20 (red) antibodies. DNA was stained with DAPI (blue). (B,C) For detection of the intracellular ROS levels, HFF cells stably expressing the empty vector, hTERT or S227A/7A at ,70 PDs were incubated with either 10 mM CM-DCFH-DA (B) or 5 mM MitoSOX RED (C) and analyzed by flow cytometry, as described in the Materials and Methods. The average G-values were computed, and statistical analyses were performed using a two-tailed Student's t-test (*P,0.005). (D,E) For fluorescence detection of the intracellular ROS levels, HFF cells stably expressing the empty vector, hTERT or S227A/7A at ,70 PDs were incubated with 10 mM DCFH-DA and 5 mM MitoSOX RED. Digital images of DCF (D) and MitoSOX (E) fluorescence were obtained by confocal microscopy and overlaid on the DAPI images. The mean fluorescence intensity per image was calculated using MetaMorph software and averaged for ten images. Statistical analyses were performed using a two-tailed Student's t-test (*P,0.01).
translocated to the biologically functional nuclear compartment. A number of telomerase-associated proteins have been identified in vertebrates and appear to regulate telomerase assembly , localization (Akiyama et al., 2003; Liu et al., 2001) and enzymatic function (Lee et al., 2004; Zhou and Lu, 2001 ). Nevertheless, the precise molecular changes that allow nuclear import of hTERT remain poorly defined. In this study, we characterized the molecular mechanism regulating nuclear import of hTERT. We identified a bipartite NLS in hTERT (with the amino acid sequence R 222 RRGGSASRSLPLPKRPRR
240
). Alanine substitutions of the basic amino acids in these motifs abolished the nuclear localization of hTERT, suggesting that this bipartite NLS plays an essential role in nuclear import. Subcellular localization of hTERT is also regulated by a CRM1-dependent, leucine-rich canonical NES located in its C-terminus (Seimiya et al., 2000; Kovalenko et al., 2010) . Consistently, we found that treatment of cells with LMB increased the nuclear fluorescence signals of hTERT. Taken together, these results suggest that hTERT undergoes active nucleocytoplasmic shuttling by both active nuclear import and export mechanisms.
The majority of the hTERT signal was detected in the nucleus in all cell types examined, including H1299, HT1080 and MCF7 cells. Although our proposed mechanism is based on experiments using transfected hTERT in H1299 cells, essentially the same results were obtained with Saos-2 cells, which lack endogenous telomerase activity. Furthermore, endogenous hTERT was found to localize mostly in the nucleus in H1299 and HT1080 cells. Therefore, nuclear localization would be true for both endogenous and ectopically expressed hTERT and is not related to the cellular background in which hTERT is expressed. These results suggest that NLS activity is stronger than nuclear export activity in intact telomerase-positive cancer cells. Although several proteins have been shown to facilitate nuclear localization of hTERT (Seimiya et al., 2000; Haendeler et al., 2003; Jakob et al., 2008) , it is also found to localize in the cytoplasm and to be involved in cellular proliferation and apoptosis apart from telomerase activity on telomeres (Xi et al., 2006; Massard et al., 2006; Del Bufalo et al., 2005) . However, it is still uncertain exactly how hTERT translocates between subcellular compartments.
There is accumulating evidence that telomerase activity is regulated by phosphorylation of hTERT (Autexier and Lue, 2006; Cong et al., 2002) . It was reported that phosphorylation of hTERT is induced by estrogen through a PI3K-Akt cascade in human cancer cells, leading to telomerase activation (Kimura et al., 2004; Kawagoe et al., 2003) . Furthermore, regulation of telomerase activity through phosphorylation of hTERT was reported to correlate with nuclear localization of hTERT (Akiyama et al., 2004; Liu et al., 2001) . In resting CD4 + cells, hTERT is localized to the cytoplasm but upon activation it is phosphorylated and translocated to the nucleus (Liu et al., 2001 ). Thus, phosphorylation of hTERT could be the initial step of the nuclear translocation of hTERT. Our data reveal that Aktmediated phosphorylation at serine 227, but not at serine 824, plays an important role in nuclear import of hTERT although both sites are phosphorylated. Interestingly, serine 227 is located between two clusters of basic amino acids in the bipartite NLS. Whereas wild-type hTERT and the S227E mutant predominantly localized to the nucleus, the S227A mutant was largely excluded from the nucleus. In addition, S227A was localized to the cytoplasm even when NES activity was inhibited by LMB treatment. These results suggest that the cytoplasmic retention of S227A is not due to enhancement of nuclear export but to failure of nuclear import.
We postulate that both the bipartite NLS and phosphorylation of serine 227 contribute to nuclear import of hTERT in several possible ways. First, phosphorylation might induce a conformational change to facilitate nuclear translocation, similar to other nucleocytoplasmic shuttling proteins. In the case of ERK5, phosphorylation of the N-terminal half by MEK5 results in the disruption of intramolecular interaction, resulting in nuclear import (Kondoh et al., 2006) . In hTERT, the activating phosphorylation at the bipartite NLS might lead to a conformational switch that unmasks the NLS. Second, the conformational switch might subsequently induce a docking site for binding partners. For instance, hTERT phosphorylation by Akt is required for its binding to NF-kB p65, and hTERT bound to NF-kB p65 dominantly translocates into the nucleus (Akiyama et al., 2003) . Therefore, phosphorylation is crucial to maintain hTERT in the correct conformation to facilitate interaction with NF-kB p65. In addition, phosphorylation by Akt might also contribute to a conformation enabling the NLS motif to interact with common nuclear import machinery components. It has been shown that karyophilic proteins are imported into the nucleus through the NLS in a manner mediated by importin-a/b and Ran (Chook and Blobel, 2001) . Once translocation through the nuclear pore complex is complete, the binding of Ran-GTP to importin-b results in the dissociation of importin b from the importin a-NLS complex, promoting the dissociation of importin-a and the cargo protein within the nucleus (Weis, 2003; Kosugi et al., 2009) . Indeed, transfection of RanQ69L caused the nuclear exclusion of hTERT, suggesting that hTERT belongs to the class of proteins with nuclear import through an importin-a/b-and Ran-dependent pathway. In agreement with the previous reports showing that RanQ69L promotes nuclear export of proteins carrying a NES (Kehlenbach et al., 1998; Kehlenbach et al., 1999) , we observed that the preexisting hTERT complexes were not detected in the nucleus after transfection of RanQ69L.
Owing to the lack of detectable telomerase activity, HFF cells can only be passaged for a limited number of generations (,50-60 PDs in our culture conditions). HFF cells stably expressing wild-type hTERT have been passaged for .80 PDs after antibiotic selection and were still growing normally. Surprisingly, the S227A/7A mutant substantially extended the replicative lifespan of HFF cells despite having a dramatically reduced localization to the nucleus. Moreover, this extension was accompanied by an apparent complete maintenance of telomere length for the first ,47 PDs after expression of S227A/7A. Thus, it is intriguing how S227A/7A maintained telomere length at early passages and delayed the senescent phenotype. One possible explanation is that, because about 19% of the S227A/ 7A signals were found in the nucleus (Fig. 7F) , the residual levels of nuclear S227A/7A might be sufficient to maintain the proliferation capacity by extending telomeres in early passage cells. However, although the underlying molecular mechanism is unclear, S227A/7A did not maintain telomere length in later passage cells, resulting in a senescent phenotype at PD 70. It has been documented that telomerase elongates telomeric DNA preferentially during S phase of the cell cycle (Marcand et al., 2000) . We therefore examined whether nuclear localization of S227A/7A occurs preferentially during a particular phase of the cell cycle. When the synchronized HFF cells were subjected to the immunofluorescence staining, the majority of the S227A/7A signal was still detected in the cytoplasm throughout the cell cycle (data not shown). In addition, given that oxidative stress accelerates telomere shortening in human fibroblasts (von Zglinicki, 2002) and in human endothelial cells (Kurz et al., 2004) , the decrease in ROS production by the expression of S227A/7A might contribute, at least in part, to telomere length maintenance in early passage cells but not in later passage cells. It is also possible that improved telomere maintenance in early passage cells by the expression of S227A/7A might prevent mitochondrial dysfunction and ROS production (Passos et al., 2006; Sahin et al., 2011) .
In this study, we have identified a bipartite NLS that is responsible for nuclear localization of hTERT. Our data indicate that Akt-mediated phosphorylation of serine 227 is important for translocation of hTERT into the nucleus. Because the activation of telomerase is a crucial step in human oncogenesis, the specific inhibition of hTERT phosphorylation at the bipartite NLS could be a new target for inhibiting telomerase activity in cancer.
Materials and Methods

Plasmid constructs
The FLAG-hTERT expression vector was constructed by inserting the EcoRI and SalI fragment from the full-length hTERT cDNA into the pCMV-tag2B vector (Agilent Technologies, Santa Clara, CA). To construct deletion mutant forms of hTERT, DNA fragments with nested 59-and 39-deletions of the full-length hTERT cDNA were generated by PCR with appropriately designed primers and subcloned into the EcoRI-SalI sites of the pCMV-tag2B vector. To create the Del101-200, Del201-300 and Del193-199 constructs, the overlap extension PCR method was used to generate the deletions from the FLAG-hTERT vector (Ho et al., 1989) , and the PCR products were inserted into the EcoRI-SalI sites of the pCMV-tag2B vector. The mutagenesis of hTERT was performed using the QuickChange sitedirected mutagenesis kit according to the manufacturer's instructions (Agilent Technologies). The cDNAs were subcloned into pCMV-tag2B, and all constructs were verified by DNA sequencing.
Cell culture
The human lung carcinoma cell line H1299 was cultured in RPMI-1640 medium, and the human breast cancer cell line MCF-7 and fibrosarcoma cell line HT1080 were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 100 units/ml penicillin and 100 mg/ml streptomycin in 5% CO 2 at 37˚C. The human osteosarcoma cell line Saos-2 was maintained in McCoy's 5A medium containing 15% fetal bovine serum in 5% CO 2 at 37˚C. Primary cultures of human fibroblasts were established from adult foreskin in DMEM supplemented with 10% fetal calf serum as described elsewhere (Shin et al., 2005) .
Immunofluorescence analysis
Cells grown on glass coverslips were fixed with 2% formaldehyde prepared in phosphate-buffered saline (PBS) for 10 minutes and permeabilized with 0.2% Triton X-100 in PBS for 20 minutes. Cells were then blocked in PBS containing 5% bovine serum albumin and incubated with mouse anti-FLAG antibody (Sigma, St. Louis, MO) overnight at 4˚C. After washing with PBS, cells were incubated with Rhodamine-conjugated anti-mouse immunoglobulin (Santa Cruz Biotechnology, Santa Cruz, CA). To detect endogenous hTERT, cells were incubated with rabbit anti-hTERT antibody (Rockland Immunochemicals, Gilbertsville, PA) overnight at 4˚C, followed by incubation with either FITCconjugated anti-rabbit immunoglobulin or Rhodamine-conjugated anti-rabbit immunoglobulin (Invitrogen, Carlsbad, CA) . DNA was stained with 4,6-diamino-2-phenylindole (DAPI; Vectashield; Vector Laboratories, Burlingame, CA). Fluorescence images were captured using an Olympus BX61 fluorescence microscopy. To quantitatively evaluate subcellular localization of the expressed proteins, the relative staining intensities in the nucleus and cytoplasm were monitored for more than 100 cells per transfection and scored according to whether the staining in the nucleus exceeded that in the cytoplasm; the staining in the nucleus and the cytoplasm was equivalent; or staining in the cytoplasm exceeded that in the nucleus. The relative number of the cells in each category per total number of the cells examined were calculated and expressed as a percentage. Data are the means of three independent experiments.
Immunoprecipitation and immunoblotting
The expression vectors were transiently transfected into cells using Lipofectamine-PLUS reagent according to the manufacturer's protocol (Invitrogen). Cells were suspended in lysis buffer (1% NP-40, 50 mM Tris-HCl, pH 7.5, 137 mM NaCl, 2 mM EDTA and 10% glycerol) with protease inhibitors (2 mM phenylmethylsulfonyl fluoride, 100 mM sodium orthovanadate, 100 mM sodium fluoride, 10 mg/ml aprotinin and 10 mg/ml leupeptin). Lysates were then centrifuged at 15,000 g for 15 minutes to remove insoluble material. For immunoprecipitation, lysates were preincubated with protein-G-Sepharose and incubated with primary antibodies precoupled to protein-G-Sepharose beads for 2 hours at 4˚C. The precipitated proteins were washed extensively and subjected to immunoblot analysis. Immunoprecipitation and immunoblot analyses were performed using anti-hTERT (Rockland Immunochemicals), anti-FLAG (Sigma), anti-phosphorylated Akt substrate, anti-Akt (Cell Signaling Technology, Danvers, MA), anti-HSP90, anti-Myc, anti-HA (Santa Cruz Biotechnology) and anti-actin (Sigma) antibodies.
Establishment of stable cell lines
Stable cell lines expressing the empty vector, hTERT and the S227A/7A mutant were established using the ViraPower lentiviral expression system according to the manufacturer's instructions (Invitrogen). Briefly, the full-length cDNA was subcloned into a pLenti6/V5-DEST lentiviral vector and co-transfected into 293FT cells with packaging vectors (ViraPower packaging Mix) using Lipofectamine 2000 (Invitrogen) to generate a lentiviral stock. The culture supernatants containing viral vector particles were harvested 72 hours after transfection and filtered through a 0.45 mm membrane filter. Human foreskin fibroblasts were infected with the different lentiviruses at the same multiplicity of infection (m.o.i.51) and selected with blasticidin (Invitrogen) for 2 weeks as mass cultures. We did not observe any significant difference in the times to confluence between the empty vector-, hTERT-and S227A/7A-expressing cell lines. We performed independent infections at least twice for each type of virus and obtained the similar results.
Telomerase assay
The telomeric repeat amplification protocol (TRAP) was used as previously described (Lee et al., 2004) . Briefly, cell extracts (200 ng of protein) were added to the telomerase extension reactions and incubated for 20 minutes at 37˚C. PCR was performed using the HTS primer and HACX primer for 30 cycles (denaturation at 94˚C for 30 seconds, annealing at 62˚C for 30 seconds and extension at 72˚C for 30 seconds). As an internal telomerase assay standard, NT and TSNT primers were added to the PCR mixture as previously described (Kim and Wu, 1997) . Telomerase products were resolved by electrophoresis on a 10% nondenaturing polyacrylamide gel. Bands were then visualized by staining with SYBR Green (Invitrogen), and the signal intensity was quantified with a LAS-4000 Plus Image analyzer (Fujifilm, Tokyo, Japan).
Stable cell lines expressing the empty vector, hTERT or the S227A/7A mutant were plated in side culture chambers at the indicated population doublings (PDs) and washed with PBS, followed by fixation with 2% formaldehyde/0.2% glutaraldehyde for 5 minutes. Cells were washed with PBS twice and then incubated for 12 hours with SA-b-Gal staining solution (1 mg/ml X-Gal, 40 mM citric acid/sodium phosphate, pH 6, 5 mM potassium ferrocyanide, 5 mM ferricyanide, 150 mM NaCl and 2 mM MgCl 2 . For quantification of senescent cells, a total of 200 cells were counted in each field and four fields were examined.
Terminal restriction fragment (TRF) analysis
To measure the telomere length, genomic DNA was digested with RsaI and HinfI and separated on a 0.7% agarose gel. DNA samples were transferred to a nylon membrane (Amersham Biosciences) and hybridized with a 32 P-labeled probe (TTAGGG) 20 . Signals were detected with a phosphoimage analyzer (Fujifilm).
Flow cytometric analysis of intracellular ROS
MitoSOX RED (Invitrogen) and 5-(and-6)-chloromethyl-29,79-dichlorodihydrofluorescein diacetate (CM-DCFH-DA; Invitrogen) were used to detect mitochondrial superoxide and intracellular peroxides, respectively. Briefly, cells were harvested and washed with PBS, followed by incubation with either 10 mM CM-DCFH-DA or 5 mM MitoSOX RED for 30 minutes at 37˚C in the dark. After washing with PBS, cells were analyzed by flow cytometry (BD Biosciences, Franklin Lakes, NJ). At least 10,000 events were analyzed. For fluorescence detection of intracellular ROS levels, cells were incubated with either 10 mM CM-DCFH-DA or 5 mM MitoSOX RED for 30 minutes in the incubator. Digital images of DCF and MitoSOX fluorescence were captured using a confocal laser-scanning microscope (Carl Zeiss, Jena, Germany) and overlaid using LSM software. The mean fluorescence intensity per image was calculated and averaged over the ten images, using MetaMorph software (Molecular Devices, Sunnyvale, CA). Stable cells were replated every 3-4 days to maintain log-phase growth and calculate the growth rate, with day 0 representing the first day after blasticidin selection. (B) The protein stability of hTERT was monitored in stable HFF cell lines expressing hTERT or S227A/7A after cycloheximide treatment to inhibit new protein synthesis. HFF cells were treated with 100 µg/ml cycloheximide for the indicated times, and lysates were analyzed by immunoblotting with anti-FLAG or anti-actin antibodies. 
